~" The relationships between distribution of deoxyribonucleic acid (DNA)-synthesizing cells (S-phase cells) and blood flow and glucose utilization were investigated in rat brain tumors using an autoradiographic technique and immunoperoxidase staining for bromodeoxyuridine (BUdR). Two strains of rat brain tumor were used: strain A and B, both induced by the Rous sarcoma virus. Strain A was biologically more malignant than strain B. The blood flow was unevenly distributed in the tumor; compared with the contralateral cortex, the average blood flow in the tumor was about 50% in strain A and 60% in strain B. The distribution of blood flow did not correlate with the distribution of S-phase cells or with the distribution of vessels in the tumor in either strain A or B. The average glucose utilization in strain A was about 250% and in strain B about 170% of that of the contralateral cortex. The high glucose utilization area correlated well with the distribution of BUdR-positive nuclei in strain B. These findings suggest that the biological malignancy of a tumor correlates with glucose utilization rather than with blood flow, and that malignant brain tumors show a marked increase in glucose utilization for nucleic acid synthesis.
I
N recent years, the correlation between cerebral blood flow (CBF) or glucose utilization and histological grade in gliomas has been demonstrated by positron emission tomography (PET). 4' 1-~' 14 During this same period, the development of monoclonal antibodies to identify nuclei containing bromodeoxyuridine (BUdR), 5 which is a thymidine analogue that is incorporated into nuclear deoxyribonucleic acid (DNA) during DNA synthesis, has provided useful information for estimating the biological malignancy of human central nervous system tumors. 713 In the present study, the relationship between l) blood flow and the distribution of DNA-synthesizing cells and 2) glucose utilization and the distribution of DNA-synthesizing cells were investigated simultaneously in the same rat brain tumors using an autoradiographic technique and immunoperoxidase staining for BUdR.
Materials and Methods
Two strains of rat brain tumor (A and B) induced by the Rous sarcoma virus were used in this study. 9 A suspension of l x l04 rat brain-tumor cells was stereotaxically implanted into the right basal ganglia of syngeneic Fischer 344/Du Crj rats. In preliminary studies, 11 rats bearing strain A tumor died 12.0 + 1.8 days and 15 rats harboring strain B tumor died 17.6 + 1.3 days after tumor implantation. The difference in survival time between rats bearing strain A and strain B tumors was statistically significant (p < 0.001), with strain A apparently biologically more malignant than strain B. Microscopic necrosis was found only in the strain A tumor.
Based on these results, the following experiments were conducted on strain A tumor-beating rats 8 to 11 days and on strain B tumor-bearing rats 14 to 16 days after tumor implantation. The animals were anesthetized with a halothane-oxygen gas mixture, the femoral artery and vein were catheterized, and blood pressure, rectal temperature, and blood gases were monitored. Studies of CBF ~'5 and local cerebral glucose utilization (1CMRg~u) 16 were performed in awake animals restrained by a plaster cast wrapped about their hindquarters and extremities. The CBF was measured with carbon-14 (14C)-iodoantipyrine (IAP) in six rats (three with strain A and three with strain B tumor). The rats received a 1-hour intravenous infusion of BUdR, 5 to 20 mg, just prior to the autoradiographic procedure. The J4C-IAP, 50 ~Ci, was infused for 30 seconds and the experiment was terminated by decapitating the rats. Seven other rats (three with strain A and four with strain B tumor) were injected with '"C-2-deoxy-Dglucose (2DG) for the measurement of 1CMRg~u. The protocol for this study included a 1-hour intravenous infusion of BUdR, 5 rag, followed by an intravenous bolus injection of ~4C-2DG, 100 #Ci/kg, then by decapitation 45 minutes later.
In all cases, arterial blood samples were drawn during the experimental period and prepared for liquid scintillation spectometry. After decapitation, the animal's head was frozen in acetone and dry ice, and the brain was removed at -20"C in a cryomicrotome. Frozen sections of the brain 10 # thick were cut to prepare the tissue for quantitative autoradiography with a tapesectioning method. X-ray film (Fuji Type 150) was placed over the sections and standards;* this was exposed for about 2 weeks at -20"C. These data were analyzed with computerized densitometry.
Frozen sections 6 to 7 # thick alternating with the autoradiographic sections of the same thickness were cut and placed on glass slides. The immunoperoxidase staining for BUdR by the avidin-biotin-peroxidase complex (ABC) method and other conventional staining methods were performed on these sections. The sections were incubated for 30 minutes in 70% ethanol at 4~ treated with 2 N HC1 for 60 minutes to denature the DNA, and neutralized with 0.1 M Na2B407 (pH 8.5). The sections were incubated for 60 minutes in methanol with 0.3% H202 to avoid the nonspecific reaction of peroxidase in tissue and reacted overnight with normal horse serum; they were then rinsed with phosphatebuffered saline, and reacted for 2 hours with anti-BUdR monoclonal antibody~ at a 1:20 dilution. Biotinylated horse anti-mouse immunoglobulin G, at a 1:200 dilution, and ABC~ were both applied for 30 minutes. ABC supplied in a Vectastain ABC kit manufactured by Vector Laboratories, Burlingame, California.
Finally, the sections were reacted with 0.02% 3-3' diaminobenzidine tetrahydrochloride and 0.05 M Tris buffer containing 0.005 H202, and were lightly counterstained with hematoxylin. The BUdR-positive nuclei (S-phase cells) were then counted to determine the labeling index (LI), calculated as the percentage of nuclei labeled by BUdR divided by the number of tumor cell nuclei in several microscopic fields.
Results

CBF and Distribution of S-Phase Cells
S-phase cells were unevenly distributed, and the LI ranged from less than 1% to more than 40% in all tumors. The CBF and 1CMRg~u in strain A and B tumors are summarized in Table 1 . Nuclei positive for BUdR appear as dots on the immunoperoxidase-stained microscopic films (Figs. 1 to 4) .
In rat brains bearing strain A tumor (Fig. 1) , CBF was distributed unevenly throughout the tumor. The mean CBF in the tumor (___ standard error of the mean) was 48.1 _ 6.2 ml/100 gm/min; this value was about 50% of that of the contralateral cortex (98.6 _ 35.9 ml/100 gm/min). In rat brains bearing strain B tumor (Fig. 2) , CBF was also unevenly distributed through the tumor. The mean CBF in the tumor was 74.0 __+ 16.1 ml/100 gm/min; this value was about 60% of that of the contralateral cortex (127.8 _ 11.8 ml/100 gm/min). The distribution of CBF did not correlate with the distribution of S-phase cells or with the distribution of vessels in the tumor in either tumor strain A or B.
Glucose Utilization and Distribution of S-Phase Cells
In rat brains bearing strain A tumor (Fig. 3) , a homogeneous pattern of high glucose utilization was observed. The average ICMRg~u of the tumor was 172.0 + 57.1 ttmol/100 gm/min; this value was 245 % of that of the contralateral cortex (70.2 + 24.6 umol/100 gm/ rain). In rat brains bearing strain B tumor (Fig. 4) , the A. Watanabe, et al. high glucose utilization area correlated well with the distribution of S-phase cells. The average 1CMRglu of the tumor was 109.4 + 43.5 ~tmol/100 gm/min; this value was 166% of that of the contralateral cortex (66.1 _+ 10.3/~mol/100 gm/min). The average 1CMRglu found in strain A tumors, which was biologically more malignant, was higher than that in strain B tumors. On the other hand, the LI correlated with the 1CMR~Iu in strain B tumors (Fig. 5 ). This correlation was statistically significant (p < 0.0 I).
CBF and CMRx/, of Brain Tissue
In brain adjacent to the tumors, CBF was grossly irregular but the 1CMRg~u was distinctly decreased in both strain A and strain B tumors. In the ipsilateral cortex, both CBF and 1CMR~j, were reduced in comparison with values in the contralateral cortex in both tumor strains.
Discussion
Fundamental observations regarding the regional blood flow and glucose utilization of experimental brain tumors have been reported with quantitative autoradiography. ~-3,6,8,~,~8 It is difficult, however, to correlate the biological malignancy of brain tumors with the results of these studies because of the different tumor models. Two rat brain-tumor strains (A and B) induced by the same Rous sarcoma virus were used in this study. The strain A tumor was biologically more malignant than the strain B tumor. The difference in survival time between strain A and strain B was statistically significant (p < 0.001).
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The S-phase fraction (or LI) has provided useful information for estimating the biological malignancy of human central nervous system tumors. 7'~3 The relationship between CBF and the distribution of DNAsynthesizing cells and between the ICMRgju and the distribution of DNA-synthesizing cells was investigated simultaneously in the same rat brain tumors using quantitative autoradiography and immunoperoxidase staining for BUdR. The results of the quantitative autoradiography studies were not affected by BUdR because of the short experimental period.
Using PET studies, Lammertsma, et al.,~~ reported a large difference in the blood flow of patients with brain tumors, and this variation was found not only between different tumor types, but also in tumors of the same type and grade. Mineura, et al.,~2 also using PET studies, reported that CBF was variable, and no correlation was noted between CBF and the histological grade of the gliomas they examined. Groothuis, et al., 6 measured regional blood flow in avian sarcoma virus-induced brain tumors in rats and observed that blood flow did not correlate well with the histological classification. Our results support these studies. The average CBF of the tumor was about 50% in strain A tumors and about 60% in strain B tumors in comparison with the contralateral cortex. The CBF was unevenly distributed in the tumor and the distribution did not correlate with that of S-phase cells in either strain A or B tumors. Hossmann, et al., 8 noted that a correlation of blood flow with histological features such as vascular density, mitotic activity, and tumor size could not be established. Blasberg, et al., 3 confirmed these results. In the present study, the CBF did not correlate with the distribution of vessels in the tumor in either tumor strain.
Di Chiro, et al., 4 found a direct correlation between glucose utilization and the grade of primary brain tumors; Patronas, et al., ~4 also reported statistically significant correlation between glycolysis and tumor grade in PET studies. In a PET study, Mineura, et al., ~2 demonstrated that the lesions with a high uptake of radioisotope were high-grade gliomas and the lesions with low uptake were low-grade gliomas. A similar positive correlation between glucose utilization and histological grading has been also shown in experimental brain tumors by Blasberg, et al. 2 The positive correlation between malignancy and glycolysis was reconfirmed in the present study. The average glucose utilization found in strain A tumors, which were biologically more malignant, was higher than that in strain B tumors. The LI of the tumors also correlated well with the 1CMRou. These findings suggest that malignant brain tumors show a marked increase in glucose utilization for nucleic acid synthesis. Timperley t7 observed that the specific enzyme activities in a pentose phosphate shunt, leading to the production of ribulose 5-phosphate and subsequently of nucleic acids, increased in proportion to the degree of dedifferentiation of astrocytomas. Judging from our results, the biological malignancy of a tumor correlates with glucose utiliza-tion rather than with blood flow and the high glucose utilization in tumor tissue is not coupled with an equal increase in blood flow. Similar results have been demonstrated in quantitative autoradiography studies by Hossmann, et al., 8 and Mies, et al. ~ In conclusion, the glucose utilization in gliomas seems to correlate with biological malignancy and with nucleic acid synthesis. The measurement of glucose utilization could provide useful information for estimating the biological malignancy of brain tumors.
